Jasmonates (JAs), lipid-derived phytohormones, regulate plant growth, development and defenses against biotic stresses. CORONATINE INSENSITIVE1 perceives bioactive JA and recruits JASMONATE ZIM-DOMAIN (JAZ) proteins for ubiquitination and subsequent degradation via the 26S proteasome, which de-represses JAZ-targeted transcription factors that regulate diverse JA responses. Recent studies showed that the Arabidopsis basic helix-loop-helix transcription factor MYC5 interacts with JAZs and regulates stamen development. However, whether MYC5 mediates other JA responses is unclear. Here, we show that MYC5 functions redundantly with MYC2, MYC3 and MYC4 to modulate JA-regulated root growth inhibition and plant defenses against insect attack and pathogen infection, and that it positively regulates JA-induced leaf senescence. Our findings define MYC5 as an important regulator that is essential for diverse JA responses.
Introduction
The phytohormones known as jasmonates (JAs) are fatty acid derivatives (Browse 2009, Wasternack and ) that regulate plant development and growth processes (Huang et al. 2017) , including stamen development Browse 1996, Qi et al. 2015a ), sex determination (Acosta et al. 2009 , Yan et al. 2012 , root growth (Lorenzo et al. 2004 , trichome initiation (Li et al. 2004 ) and leaf senescence (Qi et al. 2015b , Zhu et al. 2015 . They also induce the production of secondary metabolites (De Geyter et al. 2012, Zhou and Memelink 2016) such as anthocyanins ) and nicotine (De Boer et al. 2011) . JAs also act as defensive signals to protect plants from biotic stresses such as an insect attack or pathogen infection (McConn et al. 1997 , Vijayan et al. 1998 , Howe and Jander 2008 , Campos et al. 2016 , and they modulate plant tolerance to abiotic stresses, including wounding, high/low temperatures, ozone, drought and salinity (Seo et al. 2011 , Mousavi et al. 2013 , Santino et al. 2013 , Toda et al. 2013 , Kazan 2015 .
In Arabidopsis, JA ZIM-domain (JAZ) family proteins (Chini et al. 2007 , Thines et al. 2007 , Yan et al. 2007 ) recruit NOVEL INTERACTOR of JAZs (NINJA)/TOPLESS co-repressors (Pauwels et al. 2010 ) and bind to various transcription factors (TFs) to inhibit JA responses (Chini et al. 2007 , Song et al. 2014b , Chini et al. 2016 . The F-box protein CORONATINE INSENSITIVE 1 (COI1) (Xie et al. 1998) , which forms the SCF COI1 complex with ASK1/2, Cullin1 and Rbx1 (Xu et al. 2002) , perceives JA-Ile (Yan et al. 2009 , Sheard et al. 2010 ) and recruits JAZs for ubiquitination and subsequent destruction via the 26S proteasome, thereby releasing various TFs from repression by JAZ and activating diverse JA responses (Chini et al. 2007 , Song et al. 2014b , Chini et al. 2016 , Huang et al. 2017 .
Of the TFs repressed by JAZ proteins, many specifically mediate only a few aspects of JA responses. For instance, the TTG1/ bHLH/MYB complex regulates trichome formation and anthocyanin production ); MYB21 and MYB24 mediate stamen development ; TARGET OF EAT (TOE)1 and TOE2 control flowering time (Zhai et al. 2015) ; YABBY1 and YABBY3 affect anthocyanin biosynthesis, Chl loss and bacterial defenses (Boter et al. 2015) ; INDUCER OF CBF EXPRESSION (ICE)1 and ICE2 participate in freezing tolerance (Hu et al. 2013); and ETHYLENE INSENSITIVE 3 (EIN3) and EIN3 LIKE1 (EIL1) regulate resistance to necrotrophic fungi (Zhu et al. 2011) . The IIIe subgroup basic helix-loop-helix (bHLH) factors MYC2, MYC3 and MYC4 interact with JAZs and function redundantly to mediate diverse JA responses, including root growth inhibition, apical hook formation, stamen development, leaf senescence, glucosinolate biosynthesis, defenses against insect attack (e.g. Spodoptera exigua and Spodoptera littoralis), resistance to necrotrophic fungi (e.g. Botrytis cinerea) and susceptibility to the hemibiotroph Pseudomonas syringae pv tomato (Pst) DC3000 (Chini et al. 2007 , Cheng et al. 2011 , Fernandez-Calvo et al. 2011 , Niu et al. 2011 , Schweizer et al. 2013 , Chico et al. 2014 , Song et al. 2014a Goossens et al. 2015 , Qi et al. 2015a , Qi et al. 2015b .
Recent studies have shown that MYC5, the closest IIIe bHLH TF to MYC2, is a JAZ-targeted TF that mediates JA-regulated stamen development Browse 2015, Qi et al. 2015a) . It is unclear whether MYC5 generally regulates other JA responses. Here, we demonstrate that MYC5 functions redundantly with MYC2, MYC3 and MYC4, and that it mediates the JA-induced expression of JA-responsive genes, JA-mediated root growth inhibition, JA-enhanced leaf senescence and JAmediated plant defenses against insect attacks or pathogen infection.
Results

MYC5 mediates JA-inhibited root growth
We generated various mutants of myc5 in combination with myc2, myc3 and/or myc4 to investigate whether MYC5 mediates JA-regulated root growth inhibition. Measurement of the root lengths of Col-0 wild-type, myc5, myc2 myc3, myc2 myc3 myc5, myc2 myc3 myc4 and myc2 myc3 myc4 myc5 plants treated with different concentrations of methyl jasmonate (MeJA) showed that root growth in myc5 was similar to that in wild-type plants (Fig. 1A, B) ; moreover, the triple mutant myc2 myc3 myc5 showed greater insensitivity than myc2 myc3 (Fig. 1A,  B) . In addition, the quadruple mutant myc2 myc3 myc4 myc5 displayed a reduced root growth response to JA compared with the triple mutant myc2 myc3 myc4 (Fig. 1A, B ). These results demonstrate that MYC5 functions redundantly with MYC2/3/4 to mediate JA-induced root growth inhibition.
JA treatment also noticeably induced anthocyanin accumulation. JA-induced anthocyanin accumulation and the JA-induced expression of the anthocyanin biosynthetic enzyme gene DIHYDROFLAVONOL REDUCTASE (DFR) were obviously attenuated in myc2 myc3 and myc2 myc3 myc4, but not in myc5 plants (Fig. 1C-E) . Further, myc5 did not enhance the insensitivity of myc2 myc3 and myc2 myc3 myc4 in terms of JA-induced anthocyanin accumulation and DFR expression (Fig. 1C-E) . These results suggest that MYC2/3/4 regulate JA-induced anthocyanin accumulation, while MYC5 cannot (Fig. 1C-E) .
Furthermore, we found that the JA-induced expression of the JA-responsive marker genes TYROSINE AMINOTRANSFERASE1 (TAT1) (Hou et al. 2010) , VEGETATIVE STORAGE PROTEIN2 (VSP2) (Lorenzo et al. 2004 ) and JAZ10 (Yan et al. 2007 ) in myc2 myc3 myc5 and myc2 myc3 myc4 myc5 plants was down-regulated ( Fig. 1E ) compared with that in the respective controls myc5, myc2 myc3 and myc2 myc3 myc4, demonstrating that MYC5 mediates JA-responsive gene expression. These results (Fig. 1) show that MYC5 functions redundantly with MYC2/3/4 to mediate JA-regulated root growth and gene expression, but not JA-induced anthocyanin accumulation.
MYC5 overexpression enhances root growth inhibition by JAs
We also generated transgenic plants that overexpressed MYC5 to examine the function of MYC5 in JA responses. Compared with the wild type, root growth in those MYC5 overexpression transgenic lines that expressed high levels of MYC5 (about 40-to 60-fold of the wild-type level) showed enhanced sensitivity to JA ( Fig. 2A-C) . Consistently, the JA-induced expression of TAT1, VSP2 and JAZ10 was significantly enhanced by MYC5 overexpression (Fig. 2F) . Surprisingly, JA-induced anthocyanin biosynthesis and DFR expression were not obviously affected by MYC5 overexpression (Fig. 2D-F ). These data (Fig. 2) suggest that MYC5 overexpression enhances JA-mediated root growth inhibition, but not JA-induced anthocyanin accumulation.
MYC5 overexpression restores JA-inhibited root growth in myc2 myc3 myc4 plants
We next generated MYC5 overexpression lines in a myc2 myc3 myc4 background and examined whether the overexpression of MYC5 could substitute for MYC2, MYC3 and MYC4 to restore the JA responses of myc2 myc3 myc4 plants. As shown in Fig. 3 , MYC5 overexpression obviously recovered the sensitivity of myc2 myc3 myc4 in terms of JA-inhibited root growth and JA-induced TAT1, VSP2 and JAZ10 expression, but not JAinduced anthocyanin accumulation or expression of the anthocyanin biosynthesis gene DFR, implying that MYC5 overexpression can replace the functions of MYC2/3/4 in JA-mediated root growth inhibition and JA-regulated gene expression.
Taken together (Figs. 1-3 ), these data demonstrate that MYC5 functions in an overlapping manner with MYC2/3/4 to mediate JA-mediated root growth inhibition, but not JAinduced anthocyanin accumulation.
MYC5 controls JA-regulated leaf senescence
Having shown that MYC5 mediates JA-induced root growth inhibition, we next examined whether MYC5 regulates JAinduced leaf senescence. Following JA treatment in the dark, the Chl content and photochemical efficiency of PSII (indicated by F v /F m ) in detached rosette leaves from wild-type plants decreased rapidly ( Fig. 4A-C) , and the expression levels of senescence-associated genes such as SENESCENCE-ASSOCIATED GENE (SAG)12, SAG13, SAG29, SAG113 and SEN4 (Miller et al. 1999) were dramatically up-regulated ( Fig. 4D) , whereas the expression levels of photosynthetic genes such as CHLOROPHYLL A/B BINDING PROTEIN1 (CAB1) and RIBULOSE BISPHOSPHATE CARBOXYLASE SMALL CHAIN (RBCS) (Weaver et al. 1998) were clearly down-regulated (Fig. 4D) , demonstrating that JA induced leaf senescence significantly. An analysis of Col-0 wild-type, myc5, myc2 myc3 myc4 and myc2 myc3 myc4 myc5 plants showed that the mutation of MYC5 did not obviously affect JA-regulated leaf senescence ( Fig. 4A-D) .
We further tested whether MYC5 overexpression accelerates JA-induced leaf senescence. As shown in Fig. 4A -D, JA-treated leaves from MYC5 overexpression transgenic plants exhibited a precocious leaf senescence phenotype, including a reduced Chl content and lower photochemical efficiency, and it enhanced the JA-regulated expression of senescence-associated genes (SAG13, SEN4, SAG113 and SAG29) and photosynthesis genes (RBCS and CAB1), suggesting that MYC5 overexpression promotes JA-induced leaf senescence.
MYC5 regulates JA-mediated plant defenses against herbivores
We further investigated whether MYC5 participates in JAmediated plant defense responses. We analyzed the defense , phenotypes (C) and anthocyanin contents (D) of 9-day-old Col-0 wild-type, myc5, myc2-2 myc3 (myc2/3), myc2-2 myc3 myc5 (myc2/3/5), myc2-2 myc3 myc4 (myc2/3/4) and myc2-2 myc3 myc4 myc5 (myc2/3/4/5) plants grown on MS medium containing 0 (Mock), 5 or 25 mM MeJA. Scale bars = 5 mm. The values are the means ± SE of three biological replicates. Different letters indicate significant differences by a one-way analysis of variance (ANOVA) performed using SAS software (P < 0.05). Upper case letters compare with each other, and lower case letters compare with each other. (E) Quantitative real-time PCR analysis of TAT1, VSP2, JAZ10 and DFR expression in the indicated seedlings grown on MS medium without (Mock) or with 25 mM MeJA. ACTIN8 was used as the internal control. The values are the means (± SE) of three biological replicates. Lower case letters indicate significant differences by a one-way ANOVA performed using SAS software (P < 0.05). ) of PSII (C) for leaves detached from 3-week-old Arabidopsis Col-0, myc5, myc2-2 myc3 myc4 (myc2/3/4), myc2-2 myc3 myc4 myc5 (myc2/3/4/5), coi1-1 and MYC5OE-3 (MYC5OE) plants treated without (Mock) or with 100 mM MeJA in the dark for 5 d. The values are the means (± SE) of three biological replicates. Lower case letters indicate significant differences by a one-way ANOVA performed using SAS software responses of wild-type, myc5, myc2 myc3 myc4 and myc2 myc3 myc4 myc5 plants to the larvae of S. exigua, a major agricultural pest with a broad host range. The myc5 single mutant exhibited a similar defense level to the wild type, and myc2 myc3 myc4 was greatly susceptible to S. exigua (Fig. 5A-C) . Compared with myc2 myc3 myc4, nearly all of the leaves of myc2 myc3 myc4 myc5 were consumed by S. exigua, and the S. exigua larvae from myc2 myc3 myc4 myc5 plants gained more weight (Fig. 5A-C) . Consistently, compared with that in myc2 myc3 myc4, a decreased expression level was clearly detected for the herbivory attack-inducible glucosinolate (GS) biosynthetic genes CYTOCHROME P450 79F1 (CYP79F1) and SUPERROOT1 (SUR1) (Fig. 5D, E) , which respectively encode a Cyt P450 and a C-S lyase (Hansen et al. 2001 , Reintanz et al. 2001 , Mikkelsen et al. 2004 , Schweizer et al. 2013 . We further found that MYC5 overexpression enhanced plant defenses against S. exigua larvae, as indicated by the reduced consumption of leaves from MYC5 overexpression plants and a lower larval weight compared with the wild type ( Fig. 6A-C) . In addition, MYC5 overexpression could restore the JA-regulated expression of wound/herbivory-inducible genes (TAT1, VSP2 and JAZ10) in myc2 myc3 myc4 (Fig. 3F) . Consistently, CYP79F1 and SUR1 expression was increased in MYC5 overexpression transgenic plants (Fig. 6D, E) . Furthermore, coi1-1 mutant plants were highly susceptible to the larvae; MYC5 overexpression could only partially restore the defense of coi1-1 against S. exigua larvae and the expression levels of CYP79F1 and SUR1 (Fig. 6A-E) .
Taken together (Figs. 5, 6 ), these data demonstrate that MYC5 acts downstream of COI1 and functions redundantly with MYC2/3/4 to mediate JA-regulated plant defenses against an insect attack by S. exigua.
MYC5 mediates JA-regulated plant resistance to pathogens
JA is required for plant resistance to the necrotrophic fungus B. cinerea (Thomma et al. 1998 ). An infection analysis showed that the myc5 single mutant exhibited no obvious difference from the wild type, while myc2 myc3 myc4 myc5 quadruple mutant plants were much more susceptible to B. cinerea than myc2 myc3 myc4 triple mutant plants (Fig. 7A) , suggesting that MYC5 acts redundantly with MYC2, MYC3 and MYC4 to regulate plant resistance to B. cinerea. The bacterial pathogen Pst DC3000 manipulates JA signaling to infect Arabidopsis (Melotto et al. 2006 , Zheng et al. 2012 . After infection, Pst DC3000 proliferated better in MYC5-overexpressing transgenic plants than in wild-type plants and worse in myc5 single mutant plants (Fig. 7B) , suggesting that MYC5 mediates JA-regulated plant susceptibility to Pst DC3000. In conclusion, these data (Fig. 7) demonstrate that MYC5 is involved in JA-regulated plant resistance to pathogens.
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Discussion
Recent studies defined MYC5 as a novel TF that interacts with JAZs and which functions with MYC2/3/4 to regulate stamen development Browse 2015, Qi et al. 2015a) . In this study, we found that MYC5 acts redundantly with MYC2/3/ 4 to mediate diverse JA responses, including JA-regulated gene expression, JA-inhibited root growth and plant defenses against an insect attack or pathogen infection, and it promotes leaf senescence (Figs. 1-7) . Consistent with these diverse biological functions of MYC5, expression pattern analysis with a GUS (bglucuronidase) reporter under the control of the MYC5 promoter showed that MYC5 was expressed not only in stamens, but also in various other tissues, including roots and leaves Browse 2015, Qi et al. 2015a) .
MYC2, MYC3 and MYC4 expression is responsive to JA treatment (Cheng et al. 2011 , Fernandez-Calvo et al. 2011 , while MYC5 expression is not responsive to JAs (Chen et al. 2016) . Single mutant plants (myc2, myc3 and myc4) exhibit obvious, mild or slight JA insensitivity (Fernandez-Calvo et al. 2011 , Cheng et al. 2011 ; however, myc5 displayed no obvious phenotype in terms of its JA responses except for susceptibility to Pst DC3000 (Figs. 1-7) . Through a functional analysis of various myc5 mutants in combination with myc2, myc3 and/ or myc4, we found that myc5 enhanced the phenotypes of myc2 myc3 myc4 mutant plants in terms of JA-regulated root growth, stamen development, defenses against an insect attack by S. exigua and pathogen infection by B. cinerea (Figs. 1-7 ) (Qi et al. 2015a) . These data define MYC5 as a key regulator that mediates diverse JA responses.
Interestingly, the mutation or overexpression of MYC2, MYC3 or MYC4 affected the anthocyanin content of plants ( Fig. 2) (Cheng et al. 2011 , Niu et al. 2011 , while the mutation or overexpression of MYC5 was unable obviously to alter JAinduced anthocyanin accumulation (Figs. 1-3 ). These data indicate that MYC2, MYC3, MYC4 and MYC5 exhibit functional redundancy but also irreplaceable functions.
The diversity, redundancy and specificity of JAZs, JAZ-targeted TFs and their downstream pathways are essential for plant growth and adaptation (Chini et al. 2016 , GimenezIbanez et al. 2017 , Major et al. 2017 . JA-redirected photosynthesis, carbon assimilation and partitioning contribute to the co-ordinated regulation of growth and defense in response to fluctuating environmental biotic stresses (Attaran et al. 2014 , Campos et al. 2016 , Havko et al. 2016 . It would be useful for understanding such co-ordinated regulation of plant growth and adaptation if we could further investigate the biological redundancy and specificity of MYC2, MYC3, MYC4 and MYC5, and explore their mutual and unique downstream branch pathways in growth, senescence and defense.
Materials and Methods
Plant materials and growth conditions
The Arabidopsis thaliana mutants coi1-1 (Xie et al. 1998 ), myc2-2 (Boter et al. 2004 , Zheng et al. 2006 myc3, myc2-2 myc3 myc4, myc2-2 myc3 myc5 and myc2-2 myc3 myc4 myc5 (Qi et al. 2015a ) were described previously. The myc3 myc5 double mutant was isolated from a recombinant population of about 1,500 F 2 plants produced from a genetic cross between myc3 (GK445B11) and myc5 (SALK_060048C). The myc2-2 myc3 myc4 triple mutant was generated by crossing myc2-2 with myc3 myc4. The quadruple mutant myc2-2 myc3 myc4 myc5 was obtained by crossing myc3 myc5 with myc2-2 myc3 myc4. Arabidopsis seeds were sterilized with 20% bleach, plated on Murashige and Skoog (MS) medium, chilled at 4 C for 3 d, and then grown in a growth room under a 16 h (20-24 C)/8 h (16-19 C) light/dark photoperiod (Song et al. 2014a ).
Measurement of the root length and anthocyanin content
Seedlings were grown on MS medium with the indicated concentrations of MeJA, chilled at 4 C for 3 d, and transferred to a growth room. Nine-or elevenday-old seedlings of each genotype were measured for root length and anthocyanin content. The anthocyanin content was calculated as (A 535 -A 650 ) g FW -1 ).
Leaf senescence assays
The third and fourth rosette leaves of 3-week-old plants were detached and placed in plastic Petri dishes with distilled water or 100 mM MeJA. The Petri dishes were then put in darkness in a grown room at 22 C for 5 d. The Chl content of the plants was measured as described previously (Xiao et al. 2004 ). To measure photosynthetic efficiency, leaves were incubated in the dark for 15 min and the F v /F m of each leaf was measured with a pulse amplitude modulation fluorometer.
Quantitative real-time PCR
For Figs. 1E, 2F and 3 F, seedlings grown on MS medium without or with the indicated concentrations of MeJA for 3 weeks were collected for RNA extraction. For Fig. 4D , the third and fourth rosette leaves from 3-week-old plants were detached, treated without or with 100 mM MeJA in the dark for 5 or 6 d, and then collected for RNA extraction. For Figs. 5D , E, 6D and E, seedlings grown on MS medium for 3 weeks were collected for RNA extraction. Real-time PCR assays were performed using an ABI7500 real-time PCR system with Real Master Mix (SYBR Green I) (TAKARA). The primers used for quantitative realtime PCR analysis are listed in Supplementary Table S1 . ACTIN8 was used as the internal control.
Generation of transgenic plants
The Arabidopsis coding DNA sequence of MYC5 was amplified and cloned into a modified pCAMBIA1300 vector under the control of the Cauliflower mosaic virus (CaMV) 35 S promoter using SalI and SpeI. The construct was introduced into Col-0 or jin1-2 myc3 myc4 plants to generate overexpression plants in different genetic backgrounds using the Agrobacterium-mediated floral dip method. The primers used for vector construction are listed in Supplementary Table S1 .
Insect defense assay with S. exigua Spodoptera exigua eggs were incubated at 27 C for 2 d. More than 50 rosette leaves of each genotype were transferred to a plastic Petri dish with 15 newly hatched S. exigua larvae; 4 d after feeding, the weight of the surviving larvae was measured (Song et al. 2014a ).
Infection with pathogens
Detached leaves from 4-week-old plants were placed in Petri dishes with 0.8% agar, inoculated with 10 ml of B. cinerea spores (10 5 spores ml -1 ) suspended in potato dextrose broth and covered with lids (Song et al. 2014a ). The lesion diameters from infected leaves for each genotype were measured 3 d after inoculation.
Leaves of 5-week-old plants were infiltrated with a Pst DC3000 suspension [bacterial suspensions (OD 600 = 0.1) were diluted 1,000-fold in 10 mM MgCl 2 ], and the bacterial population in the leaves was determined from serial dilutions of plant extracts at 4 d after inoculation.
Accession numbers
The Arabidopsis Genome Initiative numbers for the genes mentioned in this article are as follows: MYC2 (AT1G32640), MYC3 (AT5G46760), MYC4 (AT4G17880), MYC5 (AT5G46830), DFR (AT5G42800), TAT1 (AT4G23600), VSP2 (AT5G24770), JAZ10 (AT5G13220), SAG13 (AT2G29350), SEN4 (AT4G30270), SAG113 (AT5G59220), SAG29 (AT5G13170), RBCS (AT1G67090), CAB1 (AT1G29930), CYP79F1 (At1g16410), SUR1 (At2g20610) and ACTIN8 (AT1G49240).
Supplementary data
Supplementary data are available at PCP online. 
